Simulation and analysis of 1.55 um double-fused vertical-cavity lasers
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Using a comprehensive numerical model, we analyze the first long-waveléhdib nm)
vertical-cavity surface-emitting lasers operating continuous-wave at room tempefafur®

33°0). These double-fused lasers employ strain-compensated InGaAsP multi-quantum wells
sandwiched between GaAs/AlGaAs distributed Bragg reflectors that are fused on both sides of the
InP spacer. The two-dimensional model includes drift and diffusion of electrons and holes,
finite-element thermal analysis, calculation of the internal optical field at threshold -gndand
structure computations. The simulation shows excellent agreement with a large variety of
experimental characteristics. Internal laser parameters like optical losses and injection efficiency are
obtained. The thermal conductivity of the multilayer mirror is found to be only one third of the value
expected. Temperature dependent absorption and Auger recombination within the active region as
well as lateral leakage currents are identified as dominating loss mechanisms. The analysis shows
great potential for high-temperature operation of double-fused vertical-cavity laserd99®
American Institute of Physic§S0021-8977)00207-7

I. INTRODUCTION to be grown causing significant diffraction losSdsaGaAsP
) ] also exhibits low thermal conductivity due to disorder scat-

'Long-wavelength(1.3—1.6um) vertical-cavity surface- aring of phonons. Thus, thick InGaAsP/InP DBRs that block
emitting laserdVCSELS are a promising new generation of w,q thermal flux to the stage lead to a strong increase of the
light sources for optical communication systems and optical, ~iye region temperature in cw operation.
interconnects. Compared to thejr edge—emittin_g counterpart_s, Several advanced concepts of long-wavelength VCSELs
VCSELs are expected to exhibit advantages in testing, optipaye heen developed to overcome those limitatfshso far
cal coupling, single-mode operation, and modulation. In cony, gt syccessful is the utilization of InP/GaAs wafer fusion
trast to the rapid developmen} of AI_GaAs VCSELs emitting ih4t |ed to cw operation of 1.56m VCSELSs up to ambient
at shorter wavelengths<{(1.m)”, continuous-wavecw) 1as-  yemperatures of 33 °€° These double-fused VCSELS will
ing operation of long-wavelength INGaAsP VCSELS is Se-pe frther analyzed in our paper to identify the physical
verely I|m_|ted by internal laser hfaatlng. Th!s is mainly attrib- o chanisms that prevent lasing at higher temperatures.
uted to disadvantageous material properties of the INGaAsP  1ha device structure is shown in Fig. 1. Thirty periods of
semiconductor system at long wavelengths. With the |owebaAs/Alo Gay sAs form the top DBR that is covered by a
band gap of the InGaAsP active region, Auger recombinationneta| contact on a GaAs phase matching layer to enhance
enhances non-radiative losses. With lower photon energyefiectivity. The mirror absorption is kept small by using
electron transitions from the split-off valence band 'morelatively low 4x 107 cm3 beryllium p doping. The layer
empty states of the heavy-hole band occur at sufficientlyyierfaces are parabolically graded to reduce interface elec-
high hole densities, causing strong intervalence band absorp;.4) resistance® The InGaAsP multi quantum welMQW)
tion (IVBA). Both I%ss mechanisms are well known from ,tjye region consists of 7 QWs with about 1.0% compres-
edge-emitting lasers,but they are even more severe in gy sirain and 6 barriers with about 0.9% tensile strain. It is
VCSEL_s since the Ia_smg wavelength cannot follow the ther4mpedded in InP spacer layers that have been extended by
mal shift of the gain peak. As a consequence, both thenin Gaas layers on top of each fused mirror to increase the
threshold current and the external quantum efficiency argmission wavelength. The bottom 28-period GaAs/AlAs

very sensitive to changes in temperature. The use OhgR is pulse doped at all interfaces, in addition to'®L0
InGaAsP/InP distributed Bragg reflecto(®BRs) within cm 3 silicon doping. The laser sits top-up on a copper stage,

those VCSELs is accompanied by two additional hinderingeayirg 4 2 mmhole for light output through the substrate.
material properties. InGaAsP lattice matched to InP allowsz,ither details of the laser are given in Table I including data
for a small variation of the refractive index that is only about., 1, Ref. 7 as well as values that have been determined
half the variation possible in AlGaAs on GaAs. To obtain 4 ring the following simulation of experimental results.

high DBR reflectances, a large number of mirror layers has  1he numerical VCSEL simulation combines thermal
optical, gain, and electrical models. Compared to previous
dElectronic mail: piprek@udel.edu versions'! the electrical model has been improved by two
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prcontact THAUNi symmetrical temperature distributiofi(r,z) within the

15t fused interface EE— -AIGRAS/GaAS MiTor VCSEL. The bottom metal contact has the constant stage

2ndfused interface InP p-doped temperatureT and heat flux through any other surface is
InP undoped neglected. In general, the temperature rise depends sensi-

e nosksp tively on the local distribution of the heat generation as func-

. 7 quantom wols tion of the injection current. In our simple case, the top

p-DBR pillar produces most of the internal heat power due
InP r-doped to electrical interface resistances at the metal-semiconductor

n-GaAs substrate contact, within the DBR, and at the fused GaAs/InP inter-

r-AlAsiGahs mirror face. Interface resistances involve quantum-mechanical car-

Q T contect NiRuGoNiAU rier tunneling that strongly depends on the electrostatic po-

tential profile, i.e., on the local distribution of dopants.
FIG. 1. Schematic structure of the double-fused vertical-cavity surface—CalC.l.Jlations of the interface resistance based on the
emitting laser diode analyzed. Schralinger—Poisson system of equations show poor agree-
ment with measurements due to uncontrolled Be diffusion
within the p-DBR. Thus, measured voltage vs. current char-
dimensional(2D) finite-element analysis of drift and diffu- acteristicsv(1) of our example device are used to determine
sion of electrons and holes across semiconductor heterghe total pillar resistancéig. 2). It is of minor importance
interfaces, that is required to thoroughly investigate currengere, to distinguish between the different types of interfaces
leakage. Most other advanced VCSEL models publishedince all the pillar heat follows the same path through the
consider drift only outside the active region and diffusionactive region to the stage. Figure 2 shows that the cw voltage
only inside the active regiofisee, e.g., Refs. 12 and )13 s smaller than the pulsed voltage due to the effect of pillar
Details of our theoretical models are described in Section lheating on the interface resistand&(l) is reduced by the
including a discussion of physical processes and materiagictive region Fermi level separatiaf,~0.8 V to calculate
parameters. These models are used independently or cofre pillar electrical resistivityo as function of the current
bined appropriately to simulate a variety of measured devicgensityj. The fit results in a resistivity(j) [Q cn?] that

characteristics. The results of these simulations Strongly deecreases with rising current densjtyAlcmz] according to
pend on specific material properties and those parameters are . 075
e(j)=0.36xj ™7 1)

determined by fitting experimental data. In Section Il
pulsed and cw operation at laser threshold are analyzed angiit the total pillar heat power rises with?°. The electrical
the question is answered how to achieve cw lasing weltesistance of the bottom-DBR is negligible compared to

above room temperature. that of the top pillar. The active region heat powen V4,
the net photon emission is neglected near threshold.
1. MODELS AND MATERIAL PARAMETERS Bulk thermal conductivities are applied to all layers, ex-

cept the DBRs. Here, reduced values are expected that are

caused by phonon mean free path restrictions in thin layers.
A 3D finite-element cod¥ is used to solve the steady- Measurements on AlGaAs VCSELs result in a thermal con-

state heat conduction equation and to obtain the cylindeductivity that is only 20% of the average bulk vafttDue to

A. Thermal simulation

TABLE . Internal parameters of the double-fused VCSEL at 25 °C as used in the simulbiimye( thicknessNg,, doping, 4 majority carrier mobility,
n refractive indexdn/d T temperature coefficient af, « absorption coefficient, and thermal conductivity* indicates values that have been adjusted to fit
experimental resulis

dn/dT @ K

Parameter | Ngop %
Unit (um) (L/en?) (cm?IV's) n (107%K) (/cm) (W/cm K)
AU/Ti (contac} 0.200 0.83 684000 0.67
p-GaAs 0.020 X101 3.38 3 500 0.44
p-GaAs 0.182 %10 3.38 3 25 0.2
p-Alg Gy sAs (DBR) 0.127 4107 3.05 2 25 0.22
p-GaAs(DBR) 0.115 4 10V 3.38 3 25 0.44
p-GaAs (spacey 0.020 4 10V 3.38 3 25 0.44
p-GaAs (spacey 0.010 4 101° 3.38 3 1000 0.44
p-InP (spacey 0.178& 1x 108 30* 3.17 2 24 0.68
p-InP (spacey 0.100 X 106 150 3.17 2 0.24 0.68
IN.76G8 24250 8P0.18 (QW) 0.0055 100 3.6 2 54 0.043
INo.46G80 5AS P15 (Darrien 0.008 100 3.4 2 54 0.043
n-InP (spacey 0.258 5x10'® 4600 3.15 2 8 0.68
n-GaAs (spacey 0.050 1< 108 3.38 3 6 0.44
n-GaAs (DBR) 0.115 1< 108 3.38 3 6 0.2
n-AlAs (DBR) 0.134 X 101 2.89 1 3 0.22
n-GaAs (substratg 450 5x 108 3.38 3 5.8 0.44
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4.0 . that thermal lensing is negligible in our case of homogeneous
current injection through the DBR pillar.
The reflectivity of the air-post pillar seen from the cavity
pulsed 7~ is calculated assuming normal incidence. The resonant wave-
// length\ and the threshold gaigy,, of this cavity are deter-
. mined using the transmission matrix mettf8drhe cavity

e losses resulting from scattering on the DBR pillar sidewalls
*" confinuous—wave

3.5

are added to the DBR absorption. The free-space propagation
of the mode through the bottom part of the VCSEL results in
diffraction loss when the mode couples back to the air-post
pillar.® This diffraction loss is expected to be very small, as
. shown in Ref. 7. The differential external quantum efficiency

Next= 7i | Eout| 2/gthl ana| Ea| 2 (2

is calculated from the intensity rat|&,,,|%/|E,|? of emitted
L S e B L B B UL wave and average optical field within the active region with
00 05 1.0 15 20 25 30 35 40 o . ) ;
Current [mA] Ie}na des.c:rlbmg.theT 9pt|(;al Ien.gt.h of thg active regfdrhe
differential carrier injection efficiencyy; is later found to be
80% (see Section Il A Table | lists the material parameters
FIG. 2. Measured voltage vs current characterisii¢s) of the double- n, dn/dT, anda that are essential for the optical simulation.
fused VCSEL in pulsed and in cw operatiod=12 um) (see Ref. J. These values shall now be discussed in detail. Critical pa-
rameters are obtained by fitting the optical simulation to
measured characteristics of emission wavelength and differ-
tial external efficiency.
The refractive indices of AlGaAs, InP, and the metal
contact are obtained from Refs. 22—24, respectively. Within
I:Ehe MQW active regiom is influenced by the carrier density

where its impact is small with top-up mounting. All other and approximated values are used Heegiations show only
thermal conductivities in Table | are taken from Ref. 16 andSmall effec. The temperature dependenoyT) has been

an average temperature dependency of T~ 1375 (Ref. 17 found t221 have _con3|derable impact on VCSEL per-
is included. formances™ Material dependent temperature parameters

The laterally averaged temperature ris@ (1) within dn/dT cause a thermal shift not only of the emission wave-

the active region divided by the total heat pow¥r gives a !{ﬁngtﬂ’ IZUt a!so\(/)leBRG;e?s(?ivity, e>t<ter|:[1a(Ij effficiegqfl, ggd
thermal VCSEL resistance of 1440 K/W that slightly in- resholc gain. values ain are extracted from Ret.

N . . InP) and Ref. 25(AlAs). Varying numbergdn/dT are re-
th rising, mainly due to the thermal | i :
Zr(gra)ses with rising, mainly due to the thermal lowering o ported for GaAs and the measured thermal red-shift of the

lasing wavelengthd\/d T~ 0.12 nm/K in pulsed VCSEL
operation is used to obtaidn/dT=3x10"* K~ 1. From
those parameters, the refractive index of each layer is deter-
mined according to the temperature profli€0,z) as func-

tion of the injection current. Thermal expansion of the layer
thicknesses is also included but its influence is negligible.

In general, the calculation of the three-dimensional elec- At T,=25 °C, the measured emission wavelength\ is
tromagnetic field within a VCSEL requires elaborate solu-= 1542 nm. This number is governed by the optical length of
tions of Maxwell's equations in an open resondfdt® In  the cavity. Before fusion, thin GaAs layers have been added
many cases, the effective index method can be used to invesn top of each mirror to increase and to compensate for
tigate the behavior of higher-order transverse modes ismall InP spacer layefsinhomogeneities of several 10 nm
VCSELs?!? are not surprising in InP wafer fabrication. In the optical

In this work, we are primarily interested in lasing opera- calculation, the InP spacer thicknesses are fitted to find
tion at threshold. Therefore, mode shape, resonant wavegreement with the measured wavelength. Slight deviations
length and modal gain are determined using a simplifiecf other layer thicknesses or of refractive indices are also
analysis. Our air-post structure shows strong index guidingossible but hard to separate.
and considerable sidewall scattering. Thus, the lowest-order Photon absorption is mainly caused by free carriers and
transverse mode is assumed to be the first to reach thresholtie absorption coefficienta are obtained from Ref. 7, ex-
The air-post is modeled as a cylindric dielectric waveguidecept for thep-DBR and the MQW. In thep-DBR pillar,
leading to Bessel functions approximately describing thescattering losses at the sidewall have to be added to the av-
field both in and below the pillar. Spatial hole burning is erage bulk absorption of 8 cm. These sidewall losses can
expected only at higher photon densities well above threshbe extracted from the measured external efficiency at differ-
old and it is not considered here. Furthermore, we assument pillar diametersi.?® The differential injection efficiency

T,=25°C

N
wm
TSN S T VR T T S T [ T N T T T T T I T T 0 O Y T Y |
Lare

this uncertainty, the thermal conductivity of tmeDBR is
used as fit-parameter to find agreement with the measured’
threshold current,,(T,) in cw operation(see Sec. Il B,

resulting in kxpgr=0.22 W/cm K, one third of the average

The calculated temperature profil€0,z) and the aver-
age MQW temperaturd, are employed in the following
simulation steps as function of the injection currént

B. Optical simulation
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Stage Temperature [°C] FIG. 4. Strain-compensated multi-quantum well active region: conduction

band edgés. , valence band eddg, for heavy holegsolid) and light holes

. . - dashed, and first energy levels for electrons and holes, respectively.
FIG. 3. Differential external quantum efficienoy,, vs stage temperature ( % 24 P y

Ts (d=12 um) and vs. top DBR diametat (Ts=23 °C) in pulsed opera-

tion: comparison of measuremeisee Ref. ¥ (dotg and simulation(lines). . . . .
P . 7 (dots ) rise due to uncontrolled dopant diffusion away from the in-

terface causing absorption losses that can hardly be separated
7; is almost constant as indicated by recent measurerigntsfrom MQW absorption in our device analysis. Thus, &4).
The fit to the experimental characteristig,,(d) (Fig. 3 is considered to represent the net effect of temperature de-
results in an almost linear dependency of (hBBR optical ~ Pendent absorption in the VCSEL investigated.
lossesa,,_pgg [1/cm] ond ™2 [cm™?]

C. Gain calculation
ap-per=8+2.39x 10 °/d?, (3)

F le devical(= 12 h d | The objective of the gain model is to calculate the
or our example devicel(= pm), the measured externa threshold carrier densiti;, from the threshold gaig,, ob-

quantum efﬂqency is only abput 23% at25°C an'd It Showstained in the optical simulation. The gain computation was
an exponentlal decrease with rising temperal(fig. 3. eveloped from Ref. 29 and it includes two steps. First, the
This behavior must be related to temperature dependent aghergy band structure of the strain-compensated MOQW is
sorption somewhere in the VCSHthe influence of carrier determined using ax4 k-p method® and the band offset
Ieaka_ge s discussed in Section Il). Antervalence band ab- model of Ref. 31. Both the hydrostatic and the shear compo-
sorption shows an exponential temperature erendenq;{em of the strain change the valence band structure. Figure 4
based on the ”“”;ber of heavy holes that are available at tI?ﬁsplays the energy band diagram of our MQW including the
IVBA wav.evect(.)r.. IVBA is also proportpnal to the total first energy level of electrons and holes, respectively. In the
hple density. W|th|n the MQW active reglon,.the hole den-;ence band, the band edge is different for heavy holes and
sity at threshold is knowp to increase with higher temperayqpi holes, Light holes are not localized in the quantum well.
ture. Thus, an expone_npal temperature _dependency of t ipole matrix elements of all transitions between conduction
MQV_V absorption coefﬂmenszQW_ [1/cm]_ is assumed and and valence bands are obtained. In the second step, the op-
the fit to measured datge.(Ts) (Fig. 3 gives tical gaing(A,N,T,) is calculated from those results for any
—-0.5 eV given emission wavelength, MQW carrier densityN, and
k—Ta (4) average active region temperatlrg. Thereby, we calculate

. . o first the spontaneous emission spectrily,,, using the
(kis Boltzmann constantThe effective activation energy of siqred band structure, dipole matrix elements, and a Lorent-
0.5 eV includes the increase in threshold carrier density andigp, broadening with an intraband relaxation time of ¥0

it is larger than the IVBA activation enerdyThe MQW 52 Then, the optical gain is determined via the relation
absorption coefficient at 25 °C is 54 ¢ Because of addi-
1 F(hC/)\—eVa(N,Ta)
—ex

tional loss mechanisms considered here, this number is

. . . g()\yNaTa)oc
smaller than reported previoushand it is now in excellent kT,
agreement with IVBA measurements on compressively <R ANLT ®)
strained 1.55.m MQWSs2® The accuracy of our MQW ab- spor AN Ta),
sorption parameters depends on the accuracy of the opticalhereeV, is the separation between the quasi-Fermi ener-
losses assumed in the other layers. The highly dgpsitle  gies of holes and electrons ata/\ is the photon energy
GaAs/InP interface could also cause strong IVBA, but it is(h is Planck’s constant is light velocity).

intentionally close to the null of the optical field and its The calculated gain depends on MQW layer composi-
impact on the loss calculations is small. This impact couldtions and thicknesses which might be slightly different from

apow=1.57x 10" exp[
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FIG. 5. Optical gaing(\,N,T,) as function of the emission wavelength
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FIG. 7. Energy band diagram near the InGaAsP active region as calculated
in the electrical model near threshold {, F ,—quasi Fermi levels of elec-
trons and holes

the numbers intended. Both parameters affect the QW bangavelength and at highé¥, carrier exchange and correlation
gap which has_ to be adjusted_ to fit expenmen_tal results. Iffects lead to a gain peak red-shiftand gap shrinkage
our case, the intended QW thickness of 6 nm is reduced by At threshold, the lateral carrier distribution within the

0.5 nm to find agreement with the peak of the photoluminespmQw is almost homogeneous underneath the DBR pillar
cence spectrum measured before fudidrne thermal band and the conditiongy,=g(\,Ny,, To) delivers the threshold

gap shrinkage parameter usedi&,/dT=—0.37 meV/K;"  carrier densityN, .
and it governs the red-shift of the gain spectrum with higher

temperaturgFig. 5. This shift of the gain peak is stronger
than the shift of the emission wavelength, causing a substal
tial decrease of the gain at higher temperatures. Calculated This part of the simulation procedure eventually delivers
functions g(\) for different carrier densitiesN at T, the threshold current,, corresponding to the threshold car-

=25°C are depicted in Fig. 6. At small carrier densities,rier density N;, calculated above. The carrier transport

increasing band filling causes a blue-shift of the gain peakhrough the double-fused VCSEL is affected by a large num-

rJ'B' Electrical simulation

ber of hetero-interfaces, especially within the DBRs, that cre-
ate a considerable electrical resistance. This resistance de-
pends on current density and temperatiifig. 2). The total

40005 voltage drop is mainly determined by the top pillarclud-
35000 N [10"%em™] = 7 ing the upper fused interfagand by the Fermi level split in
. the active region {,~0.8 V). In our electrical model, the
3000 6 homogeneous current injection through «®BR pillar on
'E' ] 5 one side and the smat-DBR resistance and high electron
© 25007 mobility on the other side allow for the separation of the
} ] 4 center part of the VCSEL from the DBRs with the two fused
—12000 interfaces considered as injection contacts. The carrier trans-
k= ] port through spacer layers and active region is simulated by
3 15007 solving the van Roosbroeck equati¢hfor drift and diffu-
] 4 sion of electrons and holes using a 2D finite element ¢dde.
1°°°_; This code considers Fermi statistics and hetero-interfaces but
] it does not yet include quantum wells. Thus, a 38.5 nm thick
500 ) L i ; "
] 2 bulk active region is assumed with effective densities of
I A Ay A ———| states in conduction and valence band,=5.5x 10"’
1.40 1.45 1.50 1.55 1,60 1.65 cm ? and N,=5.0x10*® cm™3, respectively, which have
Wavelength [um] been obtained from the MQW band structure calculations.

FIG. 6. Optical gaing(\,N,T,) as function of the emission wavelength
with the MQW carrier densit\N as parameterT,=25 °C).
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These numbers ensure that the positions of the quasi Fermi
levels within the bulk active region near threshold corre-
spond to our strain-compensated MQW&g. 7). The con-
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FIG. 9. Threshold current;, vs stage temperatufg; in pulsed operation:
comparison of measuremefsee Ref. ¥ (dot9 and simulation(solid line).

. . N . Dashed lines show the contribution of different mechanisms according to
duction band discontinuity of 0.23 eV is chosen equal to the-q_ (e).

difference between the InP conduction band edge and the

first electron level within the quantum wel(Big. 4). Doping

densities and mobilities are given in Table I. Other importantdensity j, ((r,z) as calculated using the 2D drift-diffusion

material parameters of the electrical model are the rate coefnodel.

ficientsA andC of Shockley—Read—HalSRH) recombina- In summary, the injection curremy, required to obtain

tion and Auger recombination, respectively. Both are ob-the threshold carrier density,, within the MQW active re-

tained from fits to measuremer(Section Il A). The results gion depends on SRH recombination, spontaneous emission,

A=7x10" s ! and C=10 2% cm®/s agree with numbers Auger recombination, vertical leakage, and lateral leakage

typically reported. The activation energy of the Auger pro-

cess is assumed to be 0.1 eV. The MQW recombination rate

due to spontaneous emission is givenRuy, . The relative contribution of each mechanism to the threshold
This 2D carrier transport model is suitable to investigatecurrent and to its temperature dependency is analyzed in Sec-

the leakage current that does not contribute to carrier recontion Il1.

bination within the active region. In general, two leakage

mechanisms can be distinguished: vertical and lateral leak{j. SIMULATION AND ANALYSIS OF DEVICE

age. PERFORMANCE

Vertical leakage is caused by carriers that leave the aC; buised .

tive region in thez direction by thermionic emission. The "~ ulsed operation

band diagram in Fig. 7 shows that the leakage of electrons In pulsed operation, significant laser heating can be

into the lowly dopedp-spacer is more likely than the leakage avoided. With our pulse length of 100 ns and a repetition rate

of holes in opposite direction. This electron leakage stronghyof 100 kHz, no thermal shift of the emission wavelength

depends on the position of the electron Fermi level, i.e., omccurs, compared to lower repetition rates. Thus, the internal

the threshold densitid,;, . laser temperature is approximately equal to the stage tem-
Lateral leakage currents indirection can be caused in peratureT. The thermal simulation can be skipped and a

two different ways. First, by lateral diffusion of MQW car- constant temperaturg(r,z)=T, is assumed.

riers away from the the active region underneath the DBR  Measurements of the pulsed threshold curtgnbf our

pillar. This ambipolar diffusion process is dominated by theexample device show a strong dependency on the stage tem-

diffusivity of holes. Second, lateral hole drift away from the peratureT leading to a temperature coefficient bf=44 K

DBR pillar occurs within the upper 3 cm™2 p-doped InP  (Fig. 9. Combining the optical, gain, and electrical model,

spacer layer and it is enhanced by the low conductivity of thé,,(Ts) can be simulated by adjusting the non-radiative

10'® cm 3 p-doped InP layer underneath. This current spreadMQW recombination parameters andC (solid line in Fig.

ing depends on the hole mobiliy, within the upper spacer 9). At T,=25°C, the threshold gain is found to be

layer and it increases with lowgr-DBR diameterd. The fit  g,,=900 cm ! and the threshold carrier densityNg,=2.7

to the threshold current density curvg,(d) delivers x10'® cm 2. About 40% of the current is due to Auger

#p=30 cnt/V s (see Section Il A. This hole mobility of  recombination, 38% to lateral current leakage, 14% to spon-

the upper InP layer is slightly lower than usually reported fortaneous emission, and 8% to SRH recombination. The con-

InP due to the impact of the-DBR reactive ion etching. tribution of vertical current leakage is well below 1%. The

Both lateral leakage currents can be clearly distinguished idashed lines in Fig. 9 indicate the thermal increase of the

Fig. 8 that plots the 2D distribution of the lateral hole currentdifferent carrier losses. Auger recombination shows the

|th=|SRH+Ispon+IAuger+|vIeak+|IIeak- (6)
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(solid ling). The dashed line shows the simulation without lateral leakage

current.

B. Continuous-wave operation

cw operation causes a strongly inhomogeneous tempera-

strongest increment which is connected to the rising MQwWUTe distributionT(r,2) within the VCSEL. The calculated
absorption. The lateral leakage current is almost proportiondEMPerature profild(0.z) along the laser axis is shown in
to Ny, and its increase is dominated by lateral hole diffusiont9- 11 at different values of the injection current. A steep
within the MQW. Considerable vertical leakage only occursSIoPe 0fT(02) is caused by the low MQW thermal conduc-
at even higher temperatures with,>5x10'® cm™3. tivity (at center dashed line in Fig. 11
Measured values of the threshold current dengityas Measured cw threshold parametelig and 7., are
function of thep-DBR diameterd are shown in Fig. 10. The Shown in Fig. 12 as a function of the stage temperalure
fit (solid line) is obtained by adjusting the hole mobility in -asing operation cannot be obtained Tar>33 °C. All four
the upperp-InP spacer layer. The dashed line in Fig. 10 isComponents of the simulation procedure are combined to
based on thel-dependence of optical losses only. The dif- simulate this behavior, using the DBR thermal conductivity
ference between both curves gives the contribution of currerffoer @S the only fit parametesee Section Il A After ad-
spreading, that rises strongly with lower DBR diameter.  1USting xpgr, the calculated functionsge,(Ts) andl(Ts)
Besides contributing to the threshold current, carrie/® lose to the data measui&tly 12). Deviations might be
losses can also affeat,,, by reducing the differential MQW caL_Jsed by unstable heat sinking. Ir°1 thg calculation, no cw
injection efficiency; . This influence is negligible only as 1asing occurs at temperaturdg>30 °C, i.e., the required
long as the pulsed threshold current does not change above
threshold, i.e., as long as the carrier losses are corfétant.

This is generally assumed for recombination and lateral dif- 63

fusion losses within the active region since Fermi levels and .
carrier densities are clamped at the threshold level. But ther- 53

mionic emission has been found to increase above threshold

due to further reduction of the potential barrier within the 43 bn [mA]
p-spacer and to reducg in 1.3 um InGaAsP edge-emitting ] .
lasers®* In our case, no separate confinement layers are used 33

and the large conduction band offset between MQW and InP
keeps vertical leakage as well as its impactgvery small.
Another carrier loss mechanism, that is not constant above
threshold, is the lateral leakage in the uppemP spacer
layer which strongly contributes to the total current. Since
this hole drift current is driven by the electrical field, it in-
creases with rising voltage and leads #p=80% for our 010' "5 T 20 0 25 30 35
example device. Stage Temperature [°C]

The very good agreement of the simulations with a va-
rety . of measurements I,n pulsed operation confirms th(:TEIG. 12. Threshold current;, and differential external quantum efficiency
physical parameters obtained. The same parameters are NQW s stage temperature, in cw operation: comparison of measurement
employed to simulate cw operation. (see Ref. ¥ (dots and simulation(lines).

TN ext [o/o] *
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of the p-DBR heating, e.g., by using carbon dopants that
tend to result in lower interface resistance than berylli(8p;
restriction of the lateral leakage current shall considerably
reduce the threshold current and increase the injection effi-
ciency; (4) the reduction of optical scattering losses by lat-
eral p-DBR oxidation allows for lower active region diam-
etersd, and cw operation up to 64 °C has been achieved
very recently atd,=8um?2’ A combination of those im-
provements is expected to lead to cw operation at 80 °C,
which is a critical margin for practical applications of
double-fused VCSELSs.

IV. SUMMARY

] ) 3 ) Our comprehensive numerical VCSEL model includes
Current [mA] all major loss mechanisms that potentially limit the device
performance: temperature dependent optical absorption,
FIG. 13. Relative increase of MQW absorptiaryow, Auger current P-DBR scattering losses, MQW non-radiative recombina-
I auger» threshold gaingy,, and threshold carrier densify,, with rising  tion, as well as vertical and lateral leakage currents. Internal
injection currgntl in cw operation affs=30 °C (normalized to values in  material parameters are carefully adjusted and the simulation
pulsed operation leads to an excellent agreement with a large variety of mea-
sured results. These measurements @ethreshold current
vs temperature and vs DBR diamet&) differential exter-
threshold currenk;,(1) remains larger than the injection cur- nal quantum efficiency vs temperature and vs DBR diameter,
rent because of increased losses. This maximum stage tenf8) emission wavelength vs temperature, @dgvoltage vs
perature of 30 °C is correlated to a maximum temperature ofurrent. Internal laser parameters are determined, including
the active region of 50 °C. Both numbers are in good agreethe p-DBR electrical resistivity, optical losses in MQW and
ment with experimental limits of 33 °C and 55 °C, measuredDBR, the injection efficiencyabsolute and differentiglthe
in cw and in pulsed operation, respectively. At the maximump-spacer hole mobility, the Auger coefficient, the thermal
cw operation temperature, 58% of the threshold current argesistance, and the DBR thermal conductivity. Optical ab-
caused by Auger recombination, 25% by lateral carrier leaksorption, Auger recombination, and lateral leakage currents
age, and only 1% by vertical electron leakage across thare found to be the main loss mechanisms. Intervalence band
MQW. Figure 13 displays the relative increase of MQW ab-absorption dominates the thermal VCSEL behavior and it
sorption, threshold gaigyy,, threshold densitiy,, and Au-  restricts the cw lasing temperature. The analysis clearly
ger currentl 5y 4er @s functions of the injection curremtat  shows the potential of double-fused VCSELs for high-
Ts=30 °C. With risingl, the MQW heats up and strongly temperature cw operation.
enhanced MQW absorption af;ow=250 cm?! at T,
= 50 °Q) leads to risingy;, andNy;, (slightly counteracted by ACKNOWLEDGMENTS
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